The uniqueness of HiPIMS plasmas is based on the very characteristic energetic ion flux reaching the substrate. Several models and explanations have been presented, ranging from the reflection of ions at the target [2] , the contribution of the high energy tail of the Thompson distribution [3], negative ions generated at the target surface being accelerated towards the substrate [4-6] to particle acceleration by two-stream instabilities [7] .
Introduction
High power impulse magnetron plasmas (HiPIMS) are widely used due to their high degree of ionization and the contribution of energetic ions to the growth flux. HiPIMS plasmas are operated at pulse lengths of 10-200 μs and duty cycles of a few percent only. The peak power densities are usually of the order of several kW cm −2 yielding materials with superior material properties for numerous applications [1] . ionization zones (IZ), so-called spokes, has been proposed [8] [9] [10] . Localized ionization zones have been observed by fast camera measurements [11] [12] [13] . They appear as regular patterns with a specific mode number that rotate along the race track in × E B direction. Anders and Andersson [8, 14] proposed a model ('propeller blade model') which postulates the existence of a potential hump at the location of the IZ which is confined by double layers (DL) that accelerate all ionic species. Maszl et al [10] corroborated the hypothesis of a potential hump by measuring the ion energy distribution (IEDF) of titanium ions from HiPIMS with excellent temporal resolution. It is shown that the IEDF consists of low and high energy contributions, which are simultaneously present during the HiPIMS pulse. This is easily explained, if one assumes that ions are generated at two characteristically different locations within the HiPIMS plasma, which are at different electrical potentials. According to that model, the high energy ions are created inside the IZ and are accelerated towards the substrate, whereas the low energy ions are created outside of the IZ and are accelerated only in the sheath in front of the substrate. Maszl et al [10] also proposed a potential structure between target and substrate. Finally, Anders [9] proposed a physical explanation for such a potential structure based on the inertia of the unmagnetized ions.
At present, it is assumed that the localized ionization zones are the origin of the formation of energetic ions. The nature of the acceleration mechanism, however, remains an open question and one may speculate about it based on two different perspectives of a 'rotating spoke' or a 'localized ionization zone'. (i) In a 'rotating spoke', an electrical field is being built up at the trailing and leading edge of the spoke due to its rotation. This electric field together with the static magnetic field causes an × E B transport of electrons normal to the target. This might be the source of the ejection of flares, as being observed by fast camera measurements [15] . The ions follow this flow of electrons and are accelerated by the ambipolar field. Thereby, the rotation of the spoke is essential for the final energy of the ions. (ii) In a 'localized ionization zone', a hump in the electrical potential is postulated due to the very high local electron density [8, 10] . The ions are not magnetized due to their large Larmor radius and are accelerated along the density gradient of the resulting electrical potential only. Any particular shape or movement of the ionization zone is not disregarded, but it is not required to explain the presence of energetic ions. Measurements in azimuthal direction show an asymmetry in the IEDFs whether the measurements are taken in × E B direction or anti-× E B direction [7] . Since measurements in the axial direction also show a high energy tail, the movement of the spoke is not required for ion acceleration. In the present paper, we test the validity of either the 'rotating spoke perspective' or the 'localized ionization zone perspective' by using chromium as target material. In case of chromium, the rotating spoke pattern on a chromium target disappears at very high target power densities [16] . By measuring the IEDF at this transition, the connection between the dynamics of the spokes and the ionization zones is correlated to any change in the IEDF.
Experiment

Plasma operation
A scheme of the experiment is shown in figure 1 . A 2-inch magnetron with a chromium target is used as sputter source. The magnetron is powered by a Huettinger power supply in average-power limited mode to allow stable operation in the runaway regime. The base pressure is × − 1.5 10 4 Pa. Argon 5.0 is used as plasma forming gas at a flow rate of 20 sccm and constant pumping speed. The resulting pressure in the chamber is 0.5 Pa. The pulse length is 150 μs at a repetition frequency of 20 Hz. The duty cycle is 0.3% which allows a safe operation of the water-cooled magnetron in the investigated power range. The configuration of the static magnetic field is simulated and shown as thin solid lines in figure 1.
Prior to each measurement, the magnetron was operated with the discharge parameters for thirty minutes to ensure a Figure 1 . Schematic sketch of the experimental setup. The 2" chromium target is surrounded by a grounded thin anode cover. The simulation of the magnetic field is shown as thin lines. The EQP ion energy mass spectrometer is mounted at a distance of 110 mm and is facing the racetrack. The flat probe is mounted at a distance of 20 mm to the racetrack. It consist of a central electrode (marked as 2 in the inset) biased to −35 V to measure the ion saturation current surrounded by a floating guard ring (marked as 1 in the inset).
thermalization of the experiment as well as a stable chemical composition of the target surface.
Plasma diagnostics
Voltages and currents are measured directly at the output of the Huettinger power supply. 
Cr
+ isotope in order to prevent saturation and damaging of the SEM detector of the MS. For energies ranging from 0 eV to 100 eV in 0.2 eV steps the ions arriving at the SEM detector are counted for 180 pulses. The detector output is connected to a transient recorder (Multichannel Analyser, FAST ComTec GmbH), which gives a time resolution of 100 ns. The data were averaged over 20 points, resulting in a time resolution of 2 μs. Each measurement for a specific energy consists of 30 000 data points, which corresponds to a total time of 3 ms. . The outer surface is floating (marked as 1 in figure 1 ), while the inner surface is biased to −35 V (marked as 2 in figure 1 ), repelling the vast majority of electrons and collecting ions from the plasma. Thereby the ion saturation current is recorded. The current at the flat probe is calculated from a voltage measured over a 100 Ohm resistor placed in series of the biasing circuit. The oscillations of the ion saturation current have been correlated to the oscillations of the light emission caused by rotation of the spoke [17] . The ion saturation peak corresponds to the peak of plasma emission representing a localized ionization zone.
Results
Spokes in chromium HiPIMS plasmas
The plasma emission during HiPIMS of chromium is monitored by ICCD camera measurements at different target power densities. The target current continuously increases until a plateau phase is reached at the end of the pulse. . These images are representative for the emission pattern at different power densities for chromium HiPIMS plasmas. Four typical emission patterns can be identified: (i) at a very low power density of 0.054 kW cm , localized ionization zones (IZ) start to become visible. These patterns, so-called spokes, rotate along the × E B direction. A Fourier transform of the movement of the spoke pattern showed that these IZ spontaneously form and disappear [18] . They exhibit a stochastic nature. (iii) above a power density of 0.6 kW cm −2 three spokes become visible. Above a power density of 1.2..1.4 kW cm −2 the spoke number reduces to two. This is typical for the evolution of the spoke pattern with decreasing mode number at increasing power density. (iv) Above a power density of 1.7 kW cm −2 , a homogeneous plasma torus becomes visible. Figure 2 demonstrates that a chromium HiPIMS plasma goes through several regimes with increasing plasma power starting from a homogeneous torus, to a stochastic spoke pattern, to a stable spoke pattern with decreasing mode number until a homogeneous torus is reached at very high plasma power densities. These patterns depend on the absorbed power densities, which also change during an individual pulse due to the ramp up of the current. Consequently, the documented transitions in the emission patterns also occur within each individual HiPIMS pulse.
The plasma emission pattern depends on the background pressure as well as on the target material. In the case of titanium, for example, the regime (iv) of a homogeneous torus can only be reached at very high power densities, which is beyond the thermal damage limit of our experiment. More details on this dependence can be found in [16] . In the case of chromium, all four regimes are more easily accessible, which makes it an ideal candidate to investigate the connection between plasma emission pattern and resulting ion energies at the substrate.
Ion energy distributions
In the following, the correlation between the plasma emission pattern and the resulting ion energy distributions of chromium ions at the substrate is analyzed. Three regimes are discussed, the stochastic regime, the spoke regime and the homogeneous regime at high power densities.
Correlation between spoke pattern and IEDF
HiPIMS in the stochastic regime. Figure 3 . This time difference can be directly extracted from the data, because at the end of the HiPIMS pulse distinct features in the IEDF data as well as in the current and flat probe data are visible. The current and flat probe measures the signal at the target, whereas the IEDF is measured at the substrate. In both cases a sharp drop of the signal at the end of the pulse is clearly visible. Such a distinct feature in the IEDFs or the current and flat probe signal are not visible at the onset of the HiPIMS pulse, because the plasma continuously builds up during current ramp up and also a finite lag between switching on the voltage and the increase in target current occurs. This can also be seen in figure 3(a) , where the target current significantly increases only after 35 μs, as being typical for HiPIMS pulses. Based on the data in figure 3 , a time lag of ∼20..30 μs can be extracted between the time scales of the probe data and the IEDF data, as indicated by the dashed lines in figure 3 . This seems reasonable, if one estimates the time-of-flight between target and substrate of ∼30 μs for a chromium ion at ∼5 eV. An explicit correction of the time scale in figure 3(b) with respect to 3(a) is not meaningful, because the time-of-flight depends on the absolute energy of the ions and also from the location of ionization within the discharge and the resulting travel distance to the mass spectrometer.
The flat probe data show an irregular signal being representative of the stochastic phase of spoke formation [18] . The ion energy distribution remains rather sharp with a peak at an energy of ∼10 eV with a tail to higher energies. Also a small low energy contribution becomes visible in the contour plot at about 5 eV. This contribution is much smaller given the logarithmic scale of the plot, which contributes only to 1% to the low energy ions in the IEDF. This contribution is caused by a secondary plasma in front of the mass spectrometer, which represents an important grounding surface facing the HiPIMS target, as can be deduced from figure 1. This will not be discussed in the following. Only the energies of ions directly linked to the HiPIMS process are of interest. After the end of the pulse the IEDFs decay to lower energies, since the high energy ions are preferably lost. The low energy contribution is still visible long after the pulse. These are most likely detrapped cold ions, which could reach the substrate after the pulse [19] .
HiPIMS in the spoke regime. Figure 4(a) shows the current and flat probe signal at the sputter target at a high power of 2.41 . However, the data in figure 2 are taken at a pressure of 0.26 Pa where the transitions from spoke to homogeneous regime occur at much lower power thresholds.
The IEDFs in figure 4 exhibit a low and a high energy contribution with a tail to very high energies. By comparing the contour plots of figures 3(b) and 4(b) one can clearly see that the high energy tail extends to much higher energies for higher plasma power densities. This is typical for HiPIMS plasmas. After the end of the plasma pulse, the ion energies decay to lower energies, similar to the IDEFs at lower target power densities.
The spoke pattern itself is not directly visible in the contour plot, because the ion energy mass spectrometer integrates over many pulses, whereas the flat probe signal is characteristic for one typical pulse. Since the spokes are formed spontaneously within the plasma pulse an inherent jitter with respect to the start of the pulse is unavoidable. This is different to the flat probe measurements, where the signal of a single pulse is shown as being representative for the complete experiment. In future experiments it is foreseen to trigger the mass spectrometer not only with the onset of the pulse, but also with the location of the spoke in front of the mass spectrometer.
HiPIMS for a transition from the spoke regime to the homogeneous regime. Figure 5(a) shows the current and flat probe signal at the sputter target at a power density of 2.57 kW cm −2 for a 150 μs HiPIMS pulse at 0.5 Pa argon pressure and figure 5(b) the corresponding time resolved IEDFs of Cr + as contour plot of energy versus time. This was the first measurement in the campaign with a new target. The voltage measured at the magnetron was 753 V at a current of 68 A. As a comparison the measurement of figure 7 at a similar voltage of 748 V gave rise to a higher current of 78 A. The difference is attributed to the stable chemistry of the target and the formation of an eroded race track in the latter measurement. The flat probe data show very regular peaks indicating the rotation of a steady spoke pattern, but this pattern disappears after ∼120 μs and a rather constant signal of the flat probe is observed. In this experiment the transition between the steady spoke regime and the homogeneous regime occurs during the current ramp up within each single HiPIMS pulse. Interestingly, the IEDFs show a distinct transition at ∼120 μs highlighting the influence of the spoke pattern on the IEDFs. After the end of the pulse the IEDFs decay again to lower energies with a contribution of low energy ions long after the pulse. Figure 6 (a) shows the current and flat probe signal at the sputter target at a power density of 2.57 kW cm −2 for a 150 μ s HiPIMS pulse at 0.5 Pa argon pressure and figure 6(b) the corresponding time resolved IEDFs of Cr + as contour plot of energy versus time. The voltage measured at the magnetron was 753 V at a current of 68 A (the data in figure 7 below were taken at a voltage of 748 V at a much higher current of 78 A. The different currents at almost the same voltage seem inconsistent, but one has to bear in mind that the absolute currents depend also on the wear of the target. The data from figure 6 were taken for a very new target whereas the data in figure 7 were taken for a used target.) Figure 7 (a) shows the current and flat probe signal at the sputter target at a power density of 2.9 kW cm −2 and figure 7(b) the time resolved IEDFs of Cr + 2 as contour plot of energy versus time. The regular peaks in the flat probe signal indicate again the rotation of a steady spoke pattern, but this pattern also disappears at the end of the pulse, as indicated by the transition to a rather constant signal of the flat probe. This transition occurs much earlier compared to the data in figure 5 . This is reasonable, because the HiPIMS pulse in figure 7 is performed at a higher power of 2.9 kW cm in figure 7 is also much faster than for Cr + in figure 5 . This is reasonable given the higher energy of the Cr + 2 ions. The contour plots of the IEDFs show a distinct transition, highlighting the influence of the spoke pattern on the IEDFs. It can be seen that the low energy part of the IEDF becomes broader when the discharge enters the state of a homogeneous torus. After the end of the pulse the IEDFs decay again to lower energies and the ions vanish shortly after the end of the pulse. These distinct transitions can be better studied when comparing the exact IEDFs at specific times during the pulse for individual plasma parameters as discussed in the following.
IEDFs of chromium ions at characteristic times during
the HiPIMS pulses. The IEDFs plotted as contour plots indicate a significant transition when the HiPIMS pulse goes from the spoke regime into the homogeneous regime at high plasma power densities. The actual changes in the IEDFs can be better studied by regarding the IEDFs at characteristic times within those plasma pulses. In particular, the IEDFs before and after this transition in the individual pulses are evaluated. Figure 8 (a) shows the IEDF of Cr + for the HiPIMS pulse at a target power of 0.43 kW cm −2 at = t 101 μs (stochastic spoke regime, open circles). In addition, the Thompson distribution for chromium sputtering with a surface binding energy of 4.12 eV is shown (solid line in figure 8(a) ). This distribution is shifted by 8 eV assuming that the sputtered neutrals are ionized in the bulk plasma and that the majority of the ions is only accelerated in the sheath in front of the substrate. In addition, a Maxwell Boltzmann (MB) distribution for ion energies with a temperature of 6 eV is shown (dashed line in figure 8(a) ). In the measured IEDF a small peak at low energies is visible (marked with a * in figure 8(a) ), which contributes only to 1% to the low energy ions in the IEDF. This will not be discussed in the following, as mentioned above. One can clearly see that the IEDF is best described with a Maxwell Boltzmann distribution indicating that the sputtered species undergo a few collisions while traveling between target and substrate. This is reasonable since the mean free path is of the order of 0.8 cm for elastic ion-neutral collisions with a typical cross section of 10 −14 cm 2 . This is much smaller than the distance of 11 cm between target and substrate. Figure 8 (b) shows the IEDFs of Cr + for the HiPIMS pulse at a target power of 2.57 kW cm −2 at 110 μs (spoke regime, solid circles in figure 8 ) and at 170 μs (homogeneous regime). In addition, the Thompson distribution for chromium sputtering with a surface binding energy of 4.12 eV is shown (solid line in figure 8(b) ). This distribution is shifted by 3 eV assuming that the sputtered neutrals are ionized in the bulk plasma and that the majority of the ions is only accelerated in the sheath n front of the substrate. In addition, a Maxwell Boltzmann distribution with a temperature of 6 eV is shown (dashed line in figure 8(b) ).
Different characteristic regions within the IEDFs are marked with LE for low ion energies and with HE for a characteristic contribution at high ion energies. The actual energy values for the HE and LE peak may vary depending on the experimental parameters. Figure 8 clearly shows that the HE region at an energy of ∼35 eV is only visible for the high power pulses. This constitutes the origin of the additional high energy contribution of energetic ions characteristic for HiPIMS plasmas. The low energy region LE between 5 eV and 10 eV is visible in all spectra. Most striking, however, is the observation that the HE region is not changing if one compares the plasma in the steady spoke pattern mode (open circles, IEDF at 110 μs) with the plasma in the homogeneous mode at the end of the pulse (solid circles, IEDF at 171 μs). Only the ion flux is slightly increasing. The only change that is visible is a change in the shape of the LE region of the IEDFs.
The IEDF for the HiPIMS pulse at a power density of 0.43 kW cm −2 at 101 μs is characteristic for DC sputtering, with the IEDF being dominated by the LE region with a rather small peak width indicating a very specific potential difference between the location of ionization in the plasma and the substrate position. ions is approximately twice that of the Cr + ions indicating that the ions are accelerated by the very same electrical potential within the plasma pulses. This observation is similar to the observation for titanium HiPIMS plasmas [10] . The residual peak (marked with * in figure 9 ) is visible in all spectra, but with a small contribution only. Figure 9 (a) demonstrates that the transition between spoke regime to homogeneous regime modifies the LE region, whereas the HE region remains unaffected. If one compares the IEDF for Cr + 2 in figure 9(b) , a similar change during that transition from spoke to homogeneous regime is not observed.
Discussion
The measurement of the IEDF during HiPIMS sputtering of chromium offers the unique possibility to study the transition from spoke mode to homogeneous mode with increasing target power density. The most striking observation is that the HE region in the IEDF is not affected by that transition, whereas only the low energy part LE is changing.
The origin of energetic ions in HiPIMS has been linked to the existence of spokes by several authors based on several mechanisms: (i) at the leading and the trailing edge of the rotating spoke an azimuthal electric field parallel to the target surface is present, which leads to an × E B transport of the electrons in the direction of the substrate. This electron transport may enhance the transport of ions towards the substrate due to the ambipolar flow. This electric field at the edge of the spokes is also the source of the sideways ejection of energetic ions [7] . (ii) the spoke itself constitutes a localized ionization zone (IZ) leading to a potential hump confined by double layers in azimuthal and normal direction. Ions which are created inside the IZ are accelerated by these double layers in all directions including towards the substrate [8] . (iii) the spoke constitutes a localized ionization zone corresponding to a potential hump in the electrical potential. The ions are accelerated down the density gradient by the electric field similar to ion acceleration in plasma thrusters [19] .
The presented data are only consistent with models of type (ii) and (iii) above. This implies, that a potential hump has to be present, which could not be measured up to now in the literature. Mishra et al [20] and Rauch et al [21] performed emissive probe measurements to infer the plasma potential in front of the target. However, these measurements were either not close enough to the race track region, or were averaged over many pulses. Especially averaging could smooth out any reversal in the electric fields caused by an IZ. Therefore, more sensitive and most important non-invasive measurements are needed in the future.
We postulate that the source of energetic ions is their creation within a localized ionization zone at a local positive electrical potential. This positive potential has to be connected to the ground potential at the substrate, as discussed below. Outside of the magnetic confinement region above the spokes, the magnetic field lines become axial and pointing towards the substrate (see figure 1) so that an ambipolar field can build up a potential gradient (PG) within the streaming plasma. This IZ may either exist in the form of a spoke, which rotates along the × E B direction or in the form of a homogeneous torus at high power densities. Consequently, the transition between spoke to homogenous regime is not affecting the HE region in the IEDF, because the individual spokes just merge into a single homogeneous torus. The confinement of the plasma along the direction normal to the target determines the IZ and thereby the height of the potential hump and thus the energy of the ions. This direction of plasma confinement does not change apparently between spoke and homogeneous mode-the HE region of the IEDF remains unaltered.
Nevertheless, the transition between spoke regime and homogeneous regime influences the shape of the LE region. This maybe explained by a further refinement of the potential hump diagram as presented in [10] , shown in figure 10(a) . Depending on the different HiPIMS pulses, the individual ions experience different potential structures during their travel between substrate and target. At a typical energy of 5 eV for a sputtered neutral within the Thompson distribution, the timeof-flight from target to the localized IZ in front of the target (at = z 1 cm) is of the order of a 3 μs. This is faster than the rotation of the spokes (100 kHz on the 2" target yields a period of 10 μs), so that the sputtered neutrals experience either an ionization event inside the IZ (marked as HE in figure 10(a) ) or on their travel between IZ and substrate (marked as LE in figure 10(a) ). Figure 10 (a) illustrates the electrical potential between target and substrate. Figure 10 (b) illustrates schematically the 2d spatial variation of the plasma between target and substrate for the case of only one spoke or ionization zone filling half of the racetrack at a specific moment in time. The trajectories of the sputtered neutrals at the target pass either the strong IZ (solid lines in figure 10(b) ) or they bypass the strong IZ, which moved to a different location (dashed lines in figure 10(b) ) along the racetrack. The extension of the IZ towards the substrate is not to scale. Instead, an extension of the IZ of only a few millimeters to one 1 cm is expected, based on the ICCD images from the expanding HiPIMS plasma.
Two cases can be compared for a specific target location and for a specific time during the pulse: (i) directly above that target location, a localized IZ is present (as a spoke or a homogeneous torus). A potential hump in front of the target is formed, and is connected to the substrate by a finite gradient in the electrical potential (solid line in figure 10(a) ); (ii) directly above that target location, only a very weak ionization zone is present, because the rotating spoke moved to a different location along the racetrack or because the ionization rate as a whole is very weak at low powers. The potential structure is then dominated by the target sheath and the ionization zone is connected to the substrate by a very small gradient in the electrical potential (dashed line in figure 10(a) ).
The IEDFs for those two cases depend on the location of the ionization event of sputtered chromium atoms between target and substrate. If the sputtered species are ionized inside the IZ (solid line in figure 10(b) ), they are generated at a high electrical potential and are accelerated downwards the potential hump and reach the substrate at high energies and contribute to the high energy region HE, if no collisions occur between ion generation and substrate impact. If the neutral species are ionized close to the substrate (dashed line in figure 10(b) ), they exhibit a very small energy corresponding to the substrate sheath and contribute to low energy region LE in figures 8 and 9. The HE and LE contributions were already postulated in [19] .
The current data suggest that the LE region exhibits a shape depending on the gradient of the electrical potential between IZ and substrate. Two cases can be separated: (i) if the neutral is sputtered at a time, when the location of the spoke (or the homogeneous torus) is above the sputter location on the + species between target and substrate in a HiPIMS discharge depending on the electrical potential in the homogenous regime (dashed line) and in the spoke regime (solid line). Chromium species are generated at the target via sputtering at a kinetic energy of typically 3 eV. If they are ionized inside the spoke, they gain the potential energy of the potential hump inside the spoke and may reach the substrate at high energies (Contribution marked HE). If these species are ionized in the expanding plasma, they gain an energy corresponding to the potential close to the spoke (contribution marked LE). (b) 2d schematic model for the location of the rotating spoke between target and substrate. Three trajectories are plotted for the ionization taking place in the IZ (solid line), for the ionization in the plasma bulk with the sputtered neutrals bypassing the IZ (dashed line) and for an ionization in the potential gradient (PG) between IZ and substrate (dotted line).
target, the sputtered species are ionized either in the IZ (solid line in figure 10(b) ) or in the potential structure connecting the IZ and substrate (dotted line in figure 10(b) ). Since the IZ corresponds to a high electrical potential, a significant potential gradient (marked as PG in figure 10 ) between IZ and the substrate is expected. This results in a rather broad LE region in the IEDF. This holds particularly for the regime of a homogeneous torus, because all sputtered species traverse the IZ and the finite potential gradient PG between IZ and substrate. (ii) if the neutrals are sputtered at a time, when the location of the spoke is different from the sputter location on the target, the sputtered species can only be ionized in the potential structure directly connecting target and substrate (dashed line in figure 10(b) ). Since the potential gradient between target and substrate is expected to be rather flat in the bulk plasma, a rather narrow LE region in the IDEF is observed.
The fact that the high energy part of the IEDF is not changing during the transition between the spokes and the homogeneous regime strongly corroborates the hypothesis that the origin of the energetic ions in HiPIMS plasmas is the increase in electrical potential inside a localized IZ. It is important to note, that the transport of ions is not directly affected by the magnetic field, because they are not magnetized. Only the magnetized electrons are confined, being the source of the formation of the localized IZ.
It is speculated that the acceleration of ions is caused by double layers surrounding the IZ. In the case of a double layer (DL), the electrical potential changes over a very small distance of the order of a few Debye lengths. This induces very bimodal energy distributions depending on the location of the ionization event on either side of the DL. Such bimodal IEDFs are being observed, for example, for helicon plasma thrusters [22] , where a high density plasma expands into space. We do not see such narrow IEDFs, however the mean free path in our experiment for ion-neutral collisions is only 0.8 cm, which introduces a broadening of all peaks despite the possible existence of a DL in the plasma. Therefore, a DL cannot be ruled out although it is not necessary to explain the observed IEDFs.
Conclusion
The IEDFs in a HiPIMS process for chromium sputtering consist of a low (LE) and a high (HE) energy region for chromium ions. HE chromium ions are generated only when a localized ionization zone (IZ) is formed either in the form of rotating spokes or in the form of a homogenous torus at very high power densities. It is proposed that the acceleration of chromium ions leading to the HE peak occurs inside the electric fields surrounding the ionization zone. These energetic chromium ions are ejected in all directions from the IZ, which allow the chromium ions to escape the magnetic trap of the confining HiPIMS plasma. This mechanism can consistently explain all dependencies in this experiment as well as observations in the literature. The individual transitions between the shape of the IZ is affecting only the LE region of chromium ions, with a narrow peak for the HiPIMS plasma in the spokes regime and a broad peak in the homogeneous regime at high plasma power. This is explained by a change in the electrical potential gradient connecting the IZ in front of the target and the substrate.
The IEDF of metal species arriving at the substrate defines the energy input during film growth, which is of paramount importance for all film properties. The formation of localized ionization zones is crucial for the energy of the ions. Whether these ionization zones appear in the form of a rotating spoke or in the form of a homogeneous torus at high powers density is not relevant.
